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STRING SWITCHING APPARATUS AND ASSOCIATED METHOD 

FIELD OF THE INVENTION 
5 The present invention relates generally to the regulation of solar array strings 

and, more particularly, to a string switching apparatus and associated methods. 

BACKGROUND OF THE INVENTION 
Solar arrays are widely used to provide power for both space and terrestrial 

10 applications. In space, for example, solar arrays provide power for spacecraft and the 
like. With respect to terrestrial applications, solar arrays oftentimes replenish storage 
batteries and provide power for equipment and instrumentation located remote from 
conventional power sources. 

Solar arrays are generally comprised of a number of solar array strings. The 

1 5 solar array strings are combined, such as in a parallel arrangement, to provide power 
via an output power bus. The power level of the output power bus is desirably 
maintained at a predetermined level that may remain constant or that may vary in a 
preset manner over time. Unfortunately, the power provided by a conventional solar 
array varies based upon a number of factors such that its unregulated output generally 

20 will not remain at the desired power level. The factors that can alter the output of a 
solar array include temperature variations of the solar array and its surroundings and 
variations in the solar radiation incident upon the solar array. Among other things, the 
variations in the solar radiation that is incident upon the solar array include variations 
in the angle of incidence and the magnitude of the intensity of the radiation incident 

25 upon the solar array. 

Therefore, regulators have been developed to control the output power of a 
solar array. These regulators are typically classified as either a series-type or a shunt- 
type regulator depending upon whether the active element of the regulator is in series 
with the solar array or in parallel with the solar array, respectively. Conventionally, 

30 series-type regulators have difficulty providing acceptable switching characteristics. 
These switching characteristics include, for example, the power requirements of each 
switch that connects a respective solar array string to the output power bus as well as 
the large number of switches required to control the solar array strings and the 
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associated control logic required to control the switches. As such, a variety of shunt- 
type regulators have been developed. 

As will be apparent, shunt-type regulators control the delivery of power to the 
output power bus by selectively connecting a respective solar array string to either the 
5 output power bus or to ground or some other load in order to dissipate the energy 
provided by the solar array string. While shunt-type regulators are acceptable for 
certain applications, shunt-type regulators are generally constructed of numerous 
analog components, including a substantial number of switches and associated control 
circuitry. Because of the relative large number of components, shunt-type regulators 

10 generally require substantial fabrication time and are correspondingly expensive. In 
addition, shunt-type regulators are oftentimes relatively large and heavy, thereby 
limiting the number of applications for which shunt-type regulators are acceptable. 
Since shunt-type regulators must generally include dissipative elements for 
dissipating the energy generated by the respective solar array strings, a shunt-type 

15 regulator is also susceptible to thermal stress failures due to the thermal loads 
dissipated by the dissipative element. 

Li order to control the power level of the output power bus, a conventional 
shunt-type regulator apparatus sequentially steps through the solar array by shunting 
different ones of the solar array strings, either individually or in different 

20 combinations, until the power delivered to the output power bus is at the desired 

power level. Since a conventional shunt-type regulator apparatus must step through 
the solar array by sequentially connecting different combinations of the solar array 
strings to the output power bus, a shunt-type regulator apparatus is relatively slow to 
respond to changes in the power level of the output power bus and is limited by its 

25 slew rate. 

As a result of the architecture of a conventional shunt-type regulator 
apparatus, the shunt-type regulator associated with one solar array string is not 
typically independent of the shunt-type regulators associated with the other solar array 
strings. As such , the failure of a single component can lead to the failure of the entire 
30 shunt-type regulator apparatus. Since a conventional shunt-type regulator apparatus 
includes a relatively large number of analog components, a conventional shunt-type 
regulator apparatus therefore generally has an undesirably large overall failure rate. 
Since solar arrays are typically disposed either in space or in terrestrial applications 
that are relatively remote, the failure of a conventional shunt-type regulator apparatus 
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is particularly undesirable due to the difficulty in repairing or replacing the shunt-type 
regulator apparatus. 

While a number of regulators have been developed for controlling the delivery 
of power by solar array strings to an output power bus, these conventional regulators 
5 suffer from a number of disadvantages. As such, it would be desirable to provide a 
regulator apparatus that is capable of quickly and controllably altering the power level 
of the output power bus by connecting any combination of the solar array strings to 
the output power bus. In addition, it would be desirable for a regulator apparatus to 
be resistant or tolerant to the failure of the regulators associated with one or more of 
10 the solar array strings such that the regulator apparatus can continue to operate despite 
these failures. Furthermore, it would be desirable for a regulator apparatus to include 
fewer components so as to be lighter, smaller and less expensive and to require 
generally less time for fabrication than a conventional regulator apparatus. 

1 5 SUMMARY OF THE INVENTION 

The present invention therefore provides an improved string switching 
apparatus and an associated method for controllably connecting a plurality of solar 
array strings to an output power bus. According to one embodiment, the string 
switching apparatus includes a plurality of field effect transistors, such as MOSFETs, 

20 electrically connected in parallel with respective solar array strings and a digital 
controller for controllably switching the field effect transistors between on and off 
states to thereby control the power level of the output power bus. By utilizing field 
effect transistors operating under the control of a digital controller, the string 
switching apparatus of this embodiment can be relatively small, light weight and 

25 inexpensive and offers rapid response time to changing power levels due to the 

capability of quickly selecting any combination of solar array strings for connection to 
the output power bus without having to step through a predetermined sequence of 
solar array strings. In addition, the string switching apparatus of this embodiment is 
relatively fault tolerant such that the string switching apparatus can continue to 

30 function even though the shunt-type regulator that is associated with one or more 

individual solar array strings becomes defective, thereby improving the reliability and 
longevity of the string switching apparatus of the present invention. 

According to this embodiment, the plurality of field effect transistors can be 
switched between an on state in which the output of the respective solar array string is 
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shunted and an off state in which the output of the respective solar array string is 
delivered to the output power bus, by means of control signals provided by the digital 
controller. More specifically, the string switching apparatus can include a plurality of 
drive circuits associated with respective to field effect transistors and responsive to 
5 the digital controller. In this embodiment, each drive circuit controllably switches the 
respective field effect transistor between on and off states in response to commands 
from the digital controller. Preferably, the plurality of drive circuits are embodied in a 
programmable logic array to further reduce the part count, size and weight of the 
string switching apparatus. The string switching apparatus of this embodiment also 

1 0 includes a plurality of coupling diodes electrically connected between respective solar 
array strings and the output power bus to control the delivery of power thereto. 

According to another embodiment, a string switching apparatus and method is 
provided for controllably connecting the plurality of solar array strings to either an 
output power bus or an auxiliary power bus, such as a battery charging power bus. By 

1 5 permitting the solar array strings to not only provide power to the output power bus, 
but also to deliver power to other power busses, such as to charge a battery, the power 
provided by the solar array can be more efficiently utilized and less power needs to be 
shunted or otherwise dissipated. According to this embodiment, the string switching 
apparatus includes a plurality of shunt regulators, such as field effect transistors, 

20 electrically connected in parallel with respective solar array strings. Each shunt 
regulator is capable of shunting the output of the respective solar array string. 
However, each shunt-type regulator is also capable of permitting the output of the 
respective solar array string to be delivered to one of the output power bus and the 
auxiliary power bus. The string switching apparatus of this embodiment also includes 

25 a plurality of coupling switches electrically connected between respective solar array 
strings and one of the output power bus and the auxiliary power bus. Typically, the 
plurality of coupling switches are electrically connected between the respective solar 
array strings and the auxiliary power bus. Each coupling switch is capable of 
switching between an on state in which an output of the respective solar array string is 

30 delivered to the respective power bus, such as the auxiliary power bus, and an off 
state in which the output of the respective solar array string is delivered to the other 
power bus, such as the output power bus. Further, the string switching apparatus 
includes a controller for controlling the plurality of shunt regulators and the plurality 
of coupling switches. As such, the string switching apparatus and method of this 
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embodiment provides for the controlled delivery of power to both the output power 
bus and the auxiliary power bus. 

The string switching apparatus of this embodiment can also include a plurality 
of first drive circuits associated with respective coupling switches and responsive to 
5 the controller. Each first drive circuit controllably switches the respective coupling 
switch between on and off states in response to commands from the controller. The 
string switching apparatus of this embodiment can also include a plurality of second 
drive circuits associated with respective shunt regulators and responsive to the 
controller. Each second drive circuit controllably switches the respective shunt 

1 0 regulator between an on state in which the output of the respective solar array string is 
shunted and an off state in which the output of the respective solar array string is 
delivered to one of the output power bus and the auxiliary power bus in response to 
commands from the controller. Typically, the first and second drive circuits are 
embodied in a programmable logic array to further reduce the part count, cost and 

1 5 complexity of the string switching apparatus. 

The string switching apparatus can also include a plurality of coupling diodes 
electrically connected between respective solar array strings and both the output 
power bus and the auxiliary power bus. For example, the coupling diodes can include 
a plurality of output power coupling diodes and a plurality of auxiliary power 

20 coupling diodes. The output power coupling diodes are electrically connected 

between respective solar array strings and the output power bus, while the plurality of 
the auxiliary power coupling diodes are electrically connected between respective 
solar array strings and the auxiliary power bus. 

According to this embodiment, the output of each solar array string is 

25 selectively directed to the output power bus, the auxiliary power bus or a shunt path 
such that the output power bus and the auxiliary power bus are maintained at 
respective predetermined power levels. In this regard, the shunt regulator is actuated, 
such as by switching the shunt regulator to an on state, in instances in which the 
output of the respective solar array string is to be directed to the shunt path. In 

30 contrast, the shunt regulator is deactuated, such as by switching the field effect 

transistor to an off state, in instances in which the output of the respective solar array 
string is to be directed to either the output power bus or the auxiliary power bus. In 
instances in which the respective solar array string is not shunted, the output of the 
solar array string can be switchably connected to one of the output power bus and the 



-5- 



AttyDktNo 8190-349 



auxiliary power bus, typically to the auxiliary power bus. Alternatively, the output of 
the respective solar array string can be switchably disconnected from the respective 
power bus, such as the auxiliary power bus, in instances in which the power is to be 
delivered to the other power bus, such as the output power bus. Most typically, each 
5 solar array string is switchably connected to either the output power bus or the 
auxiliary power bus by a field effect transistor. As such, the respective solar array 
string is switchably connected to the respective power bus by switching the field 
effect transistor to an on state, while the respective solar array string is switchably 
disconnected from the respective power bus by switching the field effect transistor to 
1 0 an off state. The respective power levels of the output power bus and the auxiliary 
power bus can also be monitored such that the selected direction of the output of each 
solar array string is based upon the monitored power levels and, more particularly, the 
relationship of the monitored power levels to the respective predetermined power 
levels. 

15 Therefore, the string switching apparatus and associated method of the present 

invention provides for the rapid and controlled adjustment of the power level of the 
output power bus by providing for the digital control of a plurality of field effect 
transistors in order to selectively shunt one or more solar array strings. In addition, 
the string switching apparatus has a reduced part count, lower cost, and is lighter 

20 weight than a conventional regulator apparatus. Moreover, the string switching 
apparatus is relatively fault tolerant such that the failure of the shunt regulator 
associated with one or more of the solar array strings will not cause the entire string 
switching apparatus to fail. Alternative embodiments of the string switching 
apparatus and method also provide for the controlled delivery of power not only to an 

25 output power bus, but also to an auxiliary power bus, such as a battery charging 

power bus. Thus, the string switching apparatus and method of this embodiment can 
even more efficiently utilize the power provided by a solar array by not requiring as 
much power to be shunted. 

30 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a block diagram of the string switching apparatus according to one 

embodiment of the present invention. 

Figure 2 is a block diagram of a string switching apparatus of another 

embodiment of the present invention illustrating the controlled delivery of power to 
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both an output power bus and an auxiliary power bus, such as a battery charging 
power bus. 

Figure 3 is a flow chart illustrating the operations performed by a string 
switching apparatus and method according to one embodiment of the present 
5 invention. 



DETAILED DESCRIPTION OF THE INVENTION 
The present invention now will be described more fully hereinafter with 
reference to the accompanying drawings, in which preferred embodiments of the 

10 invention are shown. This invention may, however, be embodied in many different 
forms and should not be construed as limited to the embodiments set forth herein; 
rather, these embodiments are provided so that this disclosure will be thorough and 
complete, and will fully convey the scope of the invention to those skilled in the art. 
Like numbers refer to like elements throughout. 

15 A solar array is typically comprised of a plurality of solar array strings 10. 

While the output of each solar array string is typically connected to the same output 
power bus, the string switching apparatus of the present invention preferably includes 
a separate control circuit 12 associated with each solar array string. Figure 1 therefore 
depicts two solar array strings of a solar array that includes N total solar array strings. 

20 As Figure 1 also illustrates, the control circuit associated with each solar array string 
is preferably controlled by a common controller 14, such as a computer, a 
microprocessor, a microcontroller or the like. 

Each control circuit 12 includes a shunt regulator 16 electrically connected in 
parallel to the respective solar array string 10 so as to controllably shunt the output of 

25 the respective solar array string to ground. Thus, the shunt regulator can alternately 
be actuated so as to direct the output of the respective solar array string along the 
shunt path to ground, or deactuated such that the output of the respective solar array 
string is not shunted but is, instead, delivered to the power bus. 

As depicted in Figure 1, the shunt regulator 16 preferably includes a field 

30 effect transistor, such as a MOSFET, electrically connected in parallel with the 
respective solar array string 10. The field effect transistor is therefore capable of 
switching between an on state in which the output of the respective solar array string 
is shunted and an off state in which the output of the respective solar array string is 
delivered to a power bus. According to the present invention, the shunt regulator is 



-7- 



AttyDktNo 8190-349 



preferably comprised of a field effect transistor, such as a MOSFET, since a field 
effect transistor has desirable switching characteristics and can be reliably and quickly 
switched on and off based upon the control signal applied to its gate. Relative to the 
dissipative elements, such as resistors, employed by conventional shunt regulators, the 
5 field effect transistors of the string switching apparatus of the present invention do not 
dissipate significant amounts of the output power provided by the respective solar 
array string. Instead, the output power is typically provided to the other electronics 
associated with the plurality of solar array strings. As such, the field effect transistor 
is substantially less susceptible to thermal stress failure than the dissipative elements 

1 0 of conventional shunt regulators, thereby increasing the reliability and longevity of 
the string switching apparatus of the present invention. 

The string switching apparatus also typically includes a coupling diode 18 
electrically connected between the respective solar array string 10 and the power bus, 
such as the output power bus. The coupling diode permits the output power provided 

15 by the respective solar array string to be delivered to the power bus in instances in 
which the field effect transistor has not been actuated, i.e., is in the off state. In this 
regard, the coupling diode preferably only introduces a small voltage drop, such as 
one volt, such that the vast majority of the output power provided by the respective 
solar array string is delivered to the power bus. However, the coupling diode prevents 

20 or blocks the flow of power from the power bus to the solar array string and/or the 
field effect transistor in instances in which the power bus is at a higher potential than 
the solar array string, such as in instances in which the field effect transistor has been 
actuated in order to shunt the output power of the respective solar array string. 
Each field effect transistor is preferably controlled by a common digital 

25 controller 14 for controllably switching the field effect transistors between the on and 
off states so as to control the power level of the power bus, such as the output power 
bus. In this regard, the string switching apparatus of the present invention can almost 
instantaneously actuate or deactuate any combination of field effect transistors so as 
to collectively deliver the output power provided by the respective solar array strings 

30 to the output power bus. As such, the string switching apparatus of the present 

invention and, more particularly, the digital controller can quickly adjust the power 
level of the output power bus to any desired power level from zero to the maximum 
output power of the solar array by selectively actuating any combination of the field 
effect transistors. As will be apparent, the string switching apparatus of the present 
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invention therefore need not step through or sequentially actuate the shunt regulators 
in any particular order as required by a conventional shunt regulator in order to adjust 
the power level of the output power bus. Thus, the string switching apparatus of the 
present invention provides greater responsiveness than conventional shunt regulators. 
5 Although the digital control of each field effect transistor can be implemented 

in various fashions, the string switching apparatus of Figure 1 includes a digital 
controller 14 that issues commands to a plurality of drive circuits associated with the 
respective field effect transistors. Each drive circuit is designed to receive a digital 
signal from the digital controller indicating the desired state of the respective field 

10 effect transistor and, in turn, to generate the control signal necessary to place the 

respective field effect transistor in the desired state. As depicted, the plurality of drive 
circuits are oftentimes embodied by a programmable logic array (PLA) 20 in order to 
further reduce the part count and simplify the design and fabrication of the string 
switching apparatus. However, the plurality of drive circuits can be implemented in 

1 5 other fashions if so desired. 

As described above, the string switching apparatus of this embodiment is 
extremely responsive and can quickly adjust the power level of the power bus, such as 
the output power bus, to any desired power level. In addition, the string switching 
apparatus of this embodiment has relatively few components and can, therefore, be 

20 relatively easily fabricated. Correspondingly, the string switching apparatus is 
relatively small and light weight and can be substantially less expensive than a 
conventional shunt regulator. Moreover, the highly parallel design of the string 
switching apparatus with a separate shunt regulator 16 for each respective solar array 
string 10 permits the string switching apparatus to be substantially fault tolerant. In 

25 this regard, the failure of one or more field effect transistors will not generally serve 
to disable the entire string switching apparatus since the solar array strings associated 
with the other field effect transistors that remain operable can still be controllably 
switched on and off in order to control the power level of the power bus. Thus, the 
reliability and longevity of the string switching apparatus may be improved relative to 

30 conventional shunt regulator designs. 

An alternative embodiment of a string switching apparatus of the present 
invention is depicted in Figure 2. As shown, the string switching apparatus of this 
embodiment is also designed to switchably connect a plurality of solar array strings 
10 to one or more power busses by means of a plurality of control circuits 12 
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associated with the respective solar array strings. As depicted in conjunction with 
Figure 1, the control circuitry associated with two of the solar array strings are 
depicted in Figure 2 with the other solar array strings of the solar array preferably 
being controlled in a similar, if not identical, manner. 
5 As described in conjunction with the embodiment of Figure 1, the string 

switching apparatus of this embodiment also includes a shunt regulator 16 electrically 
connected in parallel with a respective solar array string 10. As illustrated, the shunt 
regulator is preferably comprised of a field effect transistor, such as a MOSFET, that 
can be controllably switched between an on state in which the output of the respective 

1 0 solar array string is shunted to ground and an off state in which the output of the 
respective solar array string is delivered to a power bus, as described below. With 
respect to the control of the shunt regulator, such as the field effect transistor, a 
controller 14, such as the digital controller described in conjunction with the 
embodiment of Figure 1, issues control signals that define the desired state of the 

15 shunt regulator. As also described above in conjunction with Figure 1, the string 
switching apparatus of this embodiment typically includes a drive circuit associated 
with each respective shunt regulator for controllably switching the shunt regulator 
between an on state and an off state in response to control signals from the controller. 
In the illustrated embodiment in which the shunt regulators are comprised of field 

20 effect transistors, each drive circuit controllably switches a respective field effect 
transistor between an on state and an off state by controllably biasing the gate of the 
field effect transistor in response to the control signals from the controller. 

The string switching apparatus of this embodiment is capable of selectively 
delivering the output power provided by the solar array strings 10 not merely to the 

25 output power bus but, instead, to a selected one of a plurality of power busses. 

Typically, the string switching apparatus selectively provides the power delivered by 
each solar array string to either the output power bus as described above in 
conjunction with the embodiment of Figure 1 or an auxiliary power bus designed to 
supply power to auxiliary circuitry. For example, the auxiliary power bus may be a 

30 battery charging power bus that delivers power to charge one or more batteries. By 
permitting the output power provided by the solar array strings to not merely be 
directed to the output power bus, but also to be selectively delivered to one or more 
auxiliary power busses, the output power provided by the solar array can be more 
efficiently utilized since power that is generated by the solar array that is not delivered 
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to the output power bus can be utilized for a usefixl purpose, such as charging back-up 
batteries or the like, and not merely dissipated as a result of being shunted to ground. 
In addition, by not requiring as much of the output power to the shunted, the thermal 
stress placed on the shunt regulators 16, such as the field effect transistors, is also 
5 correspondingly reduced, thereby further improving the reliability and lifetime of the 
shunt regulators of the string switching apparatus of this embodiment of the present 
invention. 

In order to selectively deliver the output power generated by the solar array 
strings 10 to either the output power bus or an auxiliary power bus, the string 

10 switching apparatus of this embodiment includes a coupling switch 22 electrically 
connected between a respective solar array string and one of the power busses, 
namely, the power bus that operates at the lower potential. In the embodiment 
illustrated in Figure 2, each coupling switch is capable of switching between an on 
state in which the output of the solar array string is delivered to the respective power 

1 5 bus, namely, that power bus with which the coupling switch is in-line, and an off state 
in which the output of the solar array string is directed to the other power bus, namely, 
that power bus with which the coupling switch is not in-line. As also illustrated by 
Figure 2, the coupling switch is typically a field effect transistor, such as an 
MOSFET, since field effect transistors have advantageous switching characteristics as 

20 described above. 

While a separate coupling switch 22 can be electrically connected between the 
respective solar array string 10 and each of the candidate power busses, the string 
switching apparatus need not necessarily include a coupling switch between the 
respective solar array string and the power bus that is at the highest potential, 

25 typically the output power bus. With respect to the embodiment depicted in Figure 2 
which includes an output power bus and an auxiliary power bus operating at a lower 
potential level, the power generated by the respective solar array string will be 
delivered to the power bus operating at the lowest potential when the coupling switch 
has been actuated and the power generated by the respective solar array string could 

30 otherwise be delivered to either power bus. In instances in which the solar array is 
designed to selectively deliver power to three or more power busses, separate 
coupling switches are preferably electrically connected between the respective solar 
array string and each of the power busses other than the power bus at the highest 
potential, i.e., the output power bus. By selectively controlling the state of the 
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plurality of coupling switches, the output power provided by the respective solar array 
string can be delivered to the desired power bus, thereby maintaining each of the 
power busses at the desired power levels. 

As described in conjunction with the field effect transistor of the shunt 
5 regulator 16, the field effect transistor that preferably serves as the coupling switch 22 
is generally controlled in response to control signals provided by the controller 14. 
As also described in conjunction with the field effect transistors of the shunt 
regulators, the string switching apparatus of this embodiment also preferably includes 
drive circuits, also known as level translation circuits, for receiving the control signals 

1 0 issued by the controller and for appropriately biasing the gate of the field effect 
transistor of each coupling switch in order to alternatively place the field effect 
transistors in on and off states. In order to reduce the part count, the level translation 
circuits associated with each coupling switch are generally embodied by a 
programmable logic array 20 and, most typically, the same programmable logic array 

1 5 that includes the drive circuits associated with each shunt regulator. 

In order to control the flow of power from the solar array strings 10 to the 
various power busses while preventing power flow in the reverse direction, i.e., from 
a respective power bus to a solar array string or the associated control circuitry, the 
string switching apparatus can also include at least one coupling diode 18 electrically 

20 connected between the respective solar array string and each power bus, such as the 
output power bus and the auxiliary power bus in the embodiment of Figure 2. 
Typically, the string switching apparatus of this embodiment includes a separate 
coupling diode electrically connected between the respective solar array string and 
each power bus. For example, the string switching apparatus can include an output 

25 power coupling diode 18a electrically connected between the respective solar array 
string and the output power bus and an auxiliary powered coupling diode 18b 
electrically connected between the respective solar array string and the auxiliary 
power bus. As such, the power generated by the solar array strings can be selectively 
delivered to the respective power buses without permitting the power levels at which 

30 the respective power busses are maintained from adversely affecting the solar array 
strings or the control circuitry associated therewith. 

In operation, the output of each solar array string 10 is therefore selectively 
directed to the output power bus, the auxiliary power bus or a shunt path such that the 
output power bus and the auxiliary power bus are maintained at respective 
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predetermined power levels. In this regard, the controller 14 can determine which of 
the solar array strings should be connected to the output power bus, which of the solar 
array strings should be connected to the auxiliary power bus and which of the solar 
array strings should be shunted in order to maintain the output power bus and the 
5 auxiliary power bus at respective predetermined power levels. See block 30 of Figure 
3. Based upon this determination, the controller issues control signals that cause the 
drive circuits embodied by the PLA 20 to appropriately bias the shunt regulators 16 
by means of the drive circuits and the coupling switches 22 by means of the level 
translation circuits to thereby direct the output power provided by the solar array 

10 strings as desired. See blocks 32 and 34. In this regard, actuation of a shunt regulator 
will cause the output power of the respective solar array string to be directed along the 
shunt path. On the other hand, the output power provided by the respective solar 
array string will be delivered to one of the power busses in instances in which the 
shunt regulator is in an off state. In instances in which the shunt regulator is in an off 

15 state, the power bus to which the output of the respective solar array string is 
delivered is dependent upon the state of the coupling switch. In this regard, in 
instances in which the coupling switch is actuated so as to be in an on state, the output 
provided by the respective solar array string is delivered to the power bus with which 
the coupling switch is in-line, such as the auxiliary power bus. In contrast, in 

20 instances in which the coupling switch is in an off state, the output provided by the 
respective solar array string will be delivered to the other power bus, namely, that 
power bus with which the coupling switch is not in-line, such as the output power bus. 
By monitoring the respective power levels of the output power bus and the auxiliary 
power bus, the controller can redirect the output of each solar array string, if 

25 necessary, to another power bus or to ground in order to maintain each power bus at 
the desired power level. See blocks 36 and 38. 

Therefore, the string switching apparatus and associated method of the present 
invention provides for the rapid and controlled adjustment of the power level of the 
output power bus by permitting the digital control of a plurality of field effect 

30 transistors in order to selectively shunt one or more solar array strings 10. In addition, 
the string switching apparatus has a reduced part count, lower cost, and is lighter 
weight than a conventional regulator apparatus. Moreover, the string switching 
apparatus is relatively fault tolerant such that the failure of the shunt regulator 16 
associated with one or more of the solar array strings will not cause the entire string 
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switching apparatus to fail. Alternative embodiments of the string switching 
apparatus and method also provide for the controlled delivery of power not only to an 
output power bus, but also to an auxiliary power bus, such as a battery charging 
power bus. Thus, the string switching apparatus and method of this embodiment can 
5 even more efficiently utilize the power provided by a solar array and will not require 
as much power to be shunted. 

Many modifications and other embodiments of the invention will come to 
mind to one skilled in the art to which this invention pertains having the benefit of the 
teachings presented in the foregoing descriptions and the associated drawings. 
10 Therefore, it is to be understood that the invention is not to be limited to the specific 
embodiments disclosed and that modifications and other embodiments are intended to 
be included within the scope of the appended claims. Although specific terms are 
employed herein, they are used in a generic and descriptive sense only and not for 
purposes of limitation. 
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THAT WHICH IS CLAIMED: 



1 . A string switching apparatus for controllably connecting a plurality of 
solar array strings to an output power bus comprising: 

5 a plurality of field effect transistors electrically connected in parallel with 

respective solar array strings, each field effect transistor capable of switching between 
an on state in which an output of the respective solar array string is shunted and an off 
state in which the output of the respective solar array string is delivered to the output 
power bus; 

10 a plurality of coupling diodes electrically connected between respective solar 

array strings and the output power bus; and 

a digital controller for controllably switching said field effect transistors 
between the on and off states to thereby control a power level of the output power 
bus. 

15 

2. A string switching apparatus according to Claim 1 further comprising a 
plurality of drive circuits associated with respective field effect transistors and 
responsive to said digital controller, wherein each drive circuit controllably switches 
the respective field effect transistor between on and off states in response to 

20 commands from said digital controller. 



3. A string switching apparatus according to Claim 2 further comprising 
a programmable logic array that includes said plurality of drive circuits for controlling 
said field effect transistors in response to commands from said digital controller. 

25 

4. A string switching apparatus according to Claim 1 wherein said 
plurality of field of effect transistors comprise a plurality of MOSFETs. 



5. A string switching apparatus for controllably connecting a plurality of 
30 solar array strings to one of an output power bus and an auxiliary power bus, the 
string switching apparatus comprising: 

a plurality of shunt regulators electrically connected in parallel with respective 
solar array strings, each shunt regulator capable of alternately shunting an output of 
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the respective solar array string and delivering the output of the respective solar array 
string to one of the output power bus and the auxiliary power bus; 

a plurality of coupling switches electrically connected between respective 
solar array strings and one of the output power bus and the auxiliary power bus, each 
5 coupling switch capable of switching between an on state in which an output of the 
respective solar array string is delivered to the respective power bus and an off state in 
which the output of the respective solar array string is directed to the other power bus; 
and 

a controller for controlling said plurality of shunt regulators and said plurality 
10 of coupling switches to thereby control the delivery of power to both the output power 
bus and the auxiliary power bus. 

6. A string switching apparatus according to Claim 5 further comprising a 
plurality of first drive circuits associated with respective coupling switches and 

15 responsive to said controller, wherein each first drive circuit controllably switches the 
respective coupling switch between on and off states in response to commands from 
said controller. 

7. A string switching apparatus according to Claim 6 further comprising a 
20 plurality of second drive circuits associated with respective shunt regulators and 

responsive to said controller, wherein each second drive circuit controllably switches 
the respective shunt regulator between an on state in which the output of the 
respective solar array string is shunted and an off state in which the output of the 
respective solar array string is delivered to one of the output power bus and the 
25 auxiliary power bus in response to commands from said controller. 

8. A string switching apparatus according to Claim 7 further comprising a 
programmable logic array that includes said plurality of first and second drive circuits 
for controlling said coupling switches and said shunt regulators, respectively, in 

30 response to commands from said controller. 

9. A string switching apparatus according to Claim 5 wherein said 
plurality of coupling switches are electrically connected between respective solar 
array strings and the auxiliary power bus such that, in the on state, each coupling 
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switch delivers the output of the respective solar array string to the auxiliary power 
bus and, in the off state, each coupling switch delivers the output of the respective 
solar array string to the output power bus. 

5 10. A string switching apparatus according to Claim 9 wherein said 

plurality of coupling switches are electrically connected between respective solar 
array strings and a battery charging bus such that, in the on state, each coupling 
switch delivers the output of the respective solar array string to the battery charging 
bus and, in the off state, each coupling switch delivers the output of the respective 
10 solar array string to the output power bus. 

11. A string switching apparatus according to Claim 5 further comprising a 
plurality of coupling diodes electrically connected between respective solar array 
strings and both the output power bus and the auxiliary power bus. 

15 

12. A string switching apparatus according to Claim 1 1 wherein said 
plurality of coupling diodes comprise: 

a plurality of output power coupling diodes electrically connected between 
respective solar array strings and the output power bus; and 
20 a plurality of auxiliary power coupling diodes electrically connected between 

respective solar array strings and the auxiliary power bus. 

13. A string switching apparatus according to Claim 5 wherein said 
plurality of shunt regulators comprise a plurality of field of effect transistors. 

25 

14. A method of controllably connecting a plurality of solar array strings 
to one of an output power bus and an auxiliary power bus, the method comprising: 

selectively directing an output of each solar array string to one of the output 
power bus, the auxiliary power bus and a shunt path such that the output power bus 
30 and the auxiliary power bus are maintained at respective predetermined power levels, 
wherein said selective direction of the output of each solar array string comprises: 
actuating a shunt regulator in instances in which the output of a 
respective solar array string is to be directed to the shunt path and deactuating 
the shunt regulator in instances in which the output of the respective solar 
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array string is to be directed to one of the output power bus and the auxiliary 
power bus; and 

switchably connecting the output of the respective solar array string to 
one of the output power bus and the auxiliary power bus in instances in which 
5 the power is to be delivered to the respective power bus and switchably 

disconnecting the output of the respective solar array string from the 
respective power bus in instances in which the power is to be delivered to the 
other power bus. 



10 15. A method according to Claim 14 further comprising monitoring the 

respective power levels of the output power bus and the auxiliary power bus such that 
the selective direction of the output of each solar array string is based upon the 
monitored power levels. 



15 16. A method according to Claim 14 wherein said switchably connecting 

and disconnecting comprises switchably connecting the output of the respective solar 
array string to the auxiliary power bus in instances in which the power is to be 
delivered to the auxiliary power bus and switchably disconnecting the output of the 
respective solar array string from the auxiliary power bus in instances in which the 

20 power is to be delivered to the output power bus. 



17 A method according to Claim 16 wherein the auxiliary power bus is a 
battery charging bus, and wherein said switchably connecting and disconnecting 
comprises switchably connecting the output of the respective solar array string to the 
25 battery charging bus in instances in which the power is to be delivered to the battery 
charging bus and switchably disconnecting the output of the respective solar array 
string from the battery charging bus in instances in which the power is to be delivered 
to the output power bus. 



30 18. A method according to Claim 1 4 wherein the shunt regulator 

comprises a field effect transistor, and wherein actuating the shunt regulator 
comprises switching the field effect transistor to an on state and deactuating the shunt 
regulator comprises switching the field effect transistor to an off state. 
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19 A method according to Claim 18 wherein each solar array string is 
switchably connected to one of the output power bus and the auxiliary power bus by a 
field effect transistor, wherein switchably connecting the output of the respective solar 
array string to one of the output power bus and the auxiliary power bus comprises 
switching the respective field effect transistor to an on state, and wherein switchably 
disconnecting the output of the respective solar array string from the respective power 
bus comprises switching the respective field effect transistor to an off state. 



-19- 



AttyDktNo 8190-349 



STRING SWITCHING APPARATUS AND ASSOCIATED METHOD 



ABSTRACT OF THE DISCLOSURE 
An improved string switching apparatus and method is provided for 
5 controllably connecting a plurality of solar array strings to an output power bus. The 
string switching apparatus can include a plurality of field effect transistors electrically 
connected in parallel with respective solar array strings and a digital controller for 
controllably switching the field effect transistors between on and off states to thereby 
control the power level of the output power bus. The field effect transistors can be 

1 0 switched between an on state in which the output of the respective solar array string is 
shunted and an off state in which the output of the respective solar array string is 
delivered to the output power bus. In addition to merely providing power to an output 
power bus, the string switching apparatus and method can controllably connect the 
plurality of solar array strings to either an output power bus or an auxiliary power bus, 

1 5 such as a battery charging power bus. In addition to the plurality of shunt regulators, 
the string switching apparatus can include a plurality of coupling switches electrically 
connected between respective solar array strings and one of the output power bus and 
the auxiliary power bus for controllably directing the power to a selected one of the 
power buses. 

20 

CLT01/4402868vl 
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